Objective: To assess the effect of graded increases in exercised-induced energy expenditure (EE) on appetite, energy intake (EI), total daily EE and body weight in men living in their normal environment and consuming their usual diets. Design: Within-subject, repeated measures design. Six men (mean (s.d.) age 31.0 (5.0) y; weight 75.1 (15.96) kg; height 1.79 (0.10) m; body mass index (BMI) 23.3(2.4) kg=m 2 ), were each studied three times during a 9 day protocol, corresponding to prescriptions of no exercise, (control) (Nex; 0 MJ=day), medium exercise level (Mex; $ 1.6 MJ=day) and high exercise level (Hex; $ 3.2 MJ=day). On days 1 -2 subjects were given a medium fat (MF) maintenance diet (1.6 Â resting metabolic rate (RMR)). Measurements: On days 3 -9 subjects self-recorded dietary intake using a food diary and self-weighed intake. EE was assessed by continual heart rate monitoring, using the modified FLEX method. Subjects' HR (heart rate) was individually calibrated against submaximal VO 2 during incremental exercise tests at the beginning and end of each 9 day study period. Respiratory exchange was measured by indirect calorimetry. Subjects completed hourly hunger ratings during waking hours to record subjective sensations of hunger and appetite. Body weight was measured daily. Results: EE amounted to 11.7, 12.9 and 16.8 MJ=day (F(2,10) ¼ 48.26; P < 0.001 (s.e.d ¼ 0.55)) on the Nex, Mex and Hex treatments, respectively. The corresponding values for EI were 11.6, 11.8 and 11.8 MJ=day (F(2,10) ¼ 0.10; P ¼ 0.910 (s.e.d. ¼ 0.10)), respectively. There were no treatment effects on hunger, appetite or body weight, but there was evidence of weight loss on the Hex treatment. Conclusion: Increasing EE did not lead to compensation of EI over 7 days. However, total daily EE tended to decrease over time on the two exercise treatments. Lean men appear able to tolerate a considerable negative energy balance, induced by exercise, over 7 days without invoking compensatory increases in EI.
Introduction
In recent years considerable attention has focused on the role of diet composition in determining current secular trends in body weight (Lissner & Heitmann, 1995) . It has been noticed by some authors that, while some aspects of diet composition (eg high-fat, energy-dense diets) promote higher levels of spontaneous energy intake (EI), secular trends suggest that average population EIs are decreasing (Prentice & Jebb, 1995; Heini & Weinsier, 1997) . This has led to a debate about the relative importance of diet composition and decreased physical activity as determinants of current secular trends in obesity (Jebb & Moore, 1999; Astrup, 1998) . It is generally accepted that, on average, Western populations are more sedentary than they used to be (The Allied Dunbar Fitness Survey, 1992, Department of Health, 1995) The estimated energy cost of common everyday activities and many work activities is believed to have declined over the last few decades (Department of Health, 1995) . On average, Western populations also appear to have more leisure time and spend more of it engaged in sedentary activities than did previous generations (Caspersen & Merritt, 1995) . These observations are supported by the remarkably low levels of physical fitness exhibited by modern populations, which are indicative of a general lack of intense physical activity in the lifestyles of many people (The Allied Dunbar Fitness Survey, 1992) .
Many of the observations in studies relating indices of physical activity to indices of body fatness are of a very broad and imprecise nature. For example, Prentice and Jebb have suggested that rising estimates of time spent watching television and in the number of cars owned by each family indicate a generally more sedentary lifestyle, which may be implicated in the current secular trend of increased obesity prevalence (Prentice & Jebb, 1995) . However, it is generally recognised that epidemiological associations between diet, physical activity and obesity are limited. It has been coherently argued that such studies need to be supported by more incisive investigations 'designed to elucidate the mechanism of action of diet and physical activity in the etiology of obesity, to establish rational interventions to guide public health policies' (Jebb & Moore, 1999) . The exact manner in which changes in levels of physical activity influence feeding behaviour over periods long enough to affect energy balance (EB) is not clearly understood. There is a large body of literature on the effect of training programmes on body weight and composition in athletes (Van Etten et al, 1997; Westerterp 1998; Van Baak, 1999; Bovens et al, 1993) . Several of these studies measure EI (McGowan et al, 1986 , Barr & Costill, 1992 . Likewise there are a number of important studies examining the effects of training programmes on weight loss in obese subjects (Schoeller et al, 1997; Garrow & Summerbell, 1995) . There are far fewer studies assessing how changes in physical activity levels affect the relationship between EI and expenditure, in relatively sedentary subjects who are feeding ad libitum when there is no preconceived goal (eg sporting competition or weight loss) associated with the training programme (Blundell & King, 1999; King et al, 1997a) . There is therefore a need to examine, in more detail, the relationship between changes in energy expediture (EE) and feeding behaviour in people at large. Clearly low levels of physical activity are only important factors in the aetiology of obesity if there is a poor relationship between EI and expenditure over time.
With these considerations in mind the present study is one of a series aimed at building on previous work in this area (Moore et al, 2000 , Woo et al, 1982 Woo & Pi-Sunyer, 1985; King et al, 1996 King et al, , 1997b Flemming et al, 2001 , Imbeault et al, 1997 , in assessing the relationship between EI and expenditure during exercise interventions in ad libitum feeding subjects. There have recently been a number of shortterm exercise interventions lasting 1 -2 days (King et al, 1996 (King et al, , 1997b . These studies all tend to show the same general effect -a near total lack of compensatory changes in EI in relation to quite substantial changes in EE through exercise (King et al, 1997a) . A major purpose of the present study was to extend the period of intervention to 7 days, using graded increases in the level of EE. This study complements a similar protocol conducted in women (Flemming et al, 2001) and constitutes one of a series examining the influence of changes in physical activity on patterns of feeding behaviour, appetite and EB in humans. , not consuming any type of specialised diet, sedentary to moderately active lifestyle and not highly restrained eaters. They were not overtly informed that the true purpose of the study was to specifically assess feeding responses to graded levels of exercise until they had completed the protocol. Instead emphasis was placed on metabolic adaptations and changes in body composition due to exercise. Subjects were asked not to monitor their weight during the course of the study. They were also asked not to adopt any other unusual activity patterns and to refrain from consuming alcohol during the course of the study.
Materials and methods

Subject recruitment
For 2 days prior to the beginning of the study subjects were trained in the study procedures including the use of the PETRA scales (Bingham et al, 1985) , the heart rate monitor and the Newton hand-held computer for completion of visual analogue scales (Stratton et al, 1998) .
Height and RMR were recorded as described previously (Johnstone et al, 1996) . Dietary restraint was assessed using the Dutch Eating Behaviour Questionnaire (DEBQ) (Van Strein et al, 1986 ) and the Three Factor Eating Inventory (Stunkard & Messick, 1985) . Restraint scores on the DEBQ range from 1 to 5 for each of the factors 'restraint', 'externality' and 'emotionality'. Similarly the restraint scores on the eating inventory range from 1 to 21. A score in excess of the midrange for each restraint assessment is often deemed to indicate increased tendency towards dietary restraint. The DEBQ showed that subject's restraint ranged between 1.3 and 3.6 with a mean of 2.5 (s.d. 1.1). The Eating Inventory scores for restraint ranged from 0 to 12 with a mean of 6.3 (s.d. ¼ 4.8) .
A submaximal fitness test was carried out to calibrate heart rate against oxygen consumption on days 1 and 10.
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In addition, the test could be used as a submaximal fitness test to estimate VO 2max , bearing in mind the considerable limitations of this approach (Shephard, 1984; Shephard & Lavallee, 1978; Shephard et al, 1968) . With the exception of the de-emphasis on feeding responses to exercise, subjects gave their written, informed consent. The study was approved by the Joint Grampian Health Board and University of Aberdeen Ethical Committee.
Experimental design
The six men were each studied three times in a 9 day protocol, corresponding to each of the three treatments: sedentary routine, ie no additional exercise (control) (Nex; 0 MJ=day); moderate exercise, ie subjects were assigned to two 40 min exercise sessions per day (Mex; 21.4 kJ=kg=day, giving 1.6 MJ=day for a 70 kg subject); high levels of exercise, ie subjects were assigned to three 40 min exercise sessions per day (Hex; 42.8 kJ=kg=day, giving 3.2 MJ=day for a 70 kg subject). The order of the three treatments was randomised across subjects and each study period was separated by at least one week. On days 1 -2 of the study subjects consumed a mandatory maintenance diet (estimated at 1.6ÂRMR). Throughout the subsequent 7 days they had ad libitum access to their normal daily diet. They weighed all food items and fluids on PETRA (Portable Electronic Tape Recording Automated) scales as previously described (Bingham et al, 1985) and recorded their food intake and the time of eating qualitatively in food diaries. On the Mex and Hex treatments subjects exercised throughout days 3 -9 inclusive, at the prescribed intensity and duration using a bicycle ergometer (Tunturi E850, Tunturi, Finland) in the exercise suite of the Human Nutrition Unit. The intensity at which subjects exercised was estimated by measuring EE during a standardised incremental exercise test, conducted on days 1 and 10. This allowed a specific exercise intensity and duration to be prescribed for each subject on each run of the study. During the study EE was assessed continuously by means of monitoring heart rate (HR; POLAR sports tester, Polar Electro, Finland), using the FLEX method (Ceesay et al, 1989) . Subjects wore the heart rate monitor (HRM) continuously during waking hours over the whole 9 days of each study period. They did not wear the monitor during sleep at night.
The subjects in this study were free-living, were free to go about their normal daily routine and only visited the Human Nutrition Unit for exercise sessions and measurements as appropriate. They consumed their normal diets and were not given any funds to purchase foods, nor were they given any additional instruction as to how or what to eat. They visited the Unit each day to meet the investigator and exercise. A duty member of staff was on call 24 h a day if the subjects experienced any problems with their equipment.
Throughout the study body weight was recorded each morning before eating and after voiding. Subjects were asked to wear the same clothing when being weighed. However, it is apparent that this did not always happen. Subjects also completed hourly hunger ratings during waking hours to record subjective sensations of hunger and appetite, using a specifically designed programme for the Newton MessagePad (Stratton et al, 1998) . They were asked to keep a study diary to record potential confounders such as illness. Subjects were asked not to start any new physical activity during the study but to continue any exercise outside the Human Nutrition Unit to which they were accustomed.
Estimation of total energy expenditure using heart rate monitoring Heart rate monitoring can be used to determine EE because increases in HR during physical activity are associated with a linear rise in oxygen consumption [VO 2 ] (and if possible CO 2 production; [VCO 2 ]; Ceesay et al, 1989; Murgatroyd et al, 1993; Wareham et al, 1997) . Thus, from continuously monitoring HR, VO 2 can be estimated and, using standard indirect calorimetric equations, a relationship between HR and EE can be established. However, at low levels of EE the correlation between HR and VO 2 is very poor (Ceesay et al, 1989; Murgatroyd et al, 1993) . The critical cut-off point below which a poor relationship between HR and VO 2 occurs is termed the FLEX HR. This is defined as the mean of the highest HR during rest and the lowest HR during the lightest imposed exercise during the calibration procedure. FLEX HR has to be determined separately for each subject (Wareham et al, 1997) .
Calibration of heart rate monitors
To equate HR to EE, a regression line of HR vs EE was established individually for each subject by simultaneously measuring HR, breath-by-breath VO 2 and VCO 2 (averaged over 10 s intervals) at incremental workloads in the morning after an overnight fast. The test was done twice before the study began and at the beginning and end of each treatment period. The test comprised sedentary routines and incremental workloads on a bicycle ergometer, in the following sequential steps, with no break between them: 10 mins sitting; 10 mins standing up; 4 mins cycling at the lowest possible resistance (40 W); 4 mins cycling at a HR of 100 -110 bpm; 4 mins cycling at a HR of 125 -135 bpm; 4 mins cycling at a HR of 145 -155 bpm.
Pedal speed remained constant at 60 rpm throughout the test and resistance was gradually increased to elevate HR. During the last 2 min of each step when the HR was adjusted to the workload and was stable, breath-by-breath VO 2 and VCO 2 were measured with indirect calorimetry (Vmax29 metabolic cart, Sensor Medics, USA) using a mouthpiece Effect of exercise on energy intake RJ Stubbs et al and noseclip. Data derived from sedentary routines was used in the determination FLEX HR.
Total EE from HR was calculated using the modified HRFLEX method of Ceesay et al (1989) and the calorimetric equations of Elia & Livesey (1992) . The relationship between HR and EE, before and after each 9 day study period, were interpolated to account for changes in fitness that may occur between treatment periods.
Estimation of total energy expenditure from heart rate Total daily EE was estimated according to the following equation: TEE = SEDEE + SEE + AEE (Ceesay et al, 1989) where SEE ¼ sleeping energy expenditure; SEDEE ¼ sedentary energy expenditure; and AEE ¼ activity energy expenditure.
SEE was calculated as 95% of RMR and was applied to the time when the HRM was not worn (ie during sleep). SEDEE was assumed to be equal to the mean EE from the RMR, sitting and standing measurements during the calibration (Ceesay et al, 1989) . For HR exceeding the FLEX, EE was calculated using the treatment-specific regression equation (AEE) for each individual. Unphysiological high pulse rates ( > 220 bpm, which indicated interference) and zero values were removed and replaced by the average of the previous and subsequent values (Wareham et al, 1997) . It should be noted that there are considerable limitations to the use of HRMs to estimate daily EE (Ceesay et al, 1989; Murgatroyd et al, 1993; Spurr et al, 1988) . However it is under conditions where HR is calibrated using the same activities as used by the subjects during exercise and where they expend significant amounts of total daily EE engaged in those activities, that use of the HRM is most effective at estimating EE (Ceesay et al, 1989; Murgatroyd et al, 1993; Spurr et al, 1988) .
The data derived from the calibration procedure was also used to predict the subject's maximum oxygen uptake (VO 2 max , by extrapolation of the regression of VO 2 against HR to the subject's maximum HR. This was calculated as 220 minus age. The VO 2 which coincides with maximal HR was assumed to be the maximum oxygen uptake (VO 2max and was expressed in ml=min=kg body-weight (Shephard, 1984) . There are considerable limitations to the use of submaximal exercise tests to estimate VO 2max (see discussion) and these ancillary data are presented with this in mind.
PETRA (portable electronic tape recording automated) scales Energy and nutrient intake were assessed by 7 day, selfweighed dietary records using dietary scales (Bingham et al, 1985) which had been calibrated against standard weights. The PETRA scales are small and portable, measuring 17Â22Â14 cm. They operate much as normal weighing scales, except that the subject speaks into a microphone on the front of the scales as food is added. The scale automatically logs the weight of the spoken item and also tares the scale ready for the next item. A full description of their development and use is given in Bingham et al (1985) . To use the PETRA scales, subjects simply press the front toggle button and describe each food item into the microphone of the PETRA as it is served onto the plate. Food description is recorded on an audio tape, and simultaneously the weight of food is recorded. There is no digital display of weight. The scales have a capacity of up to 2000 g in 1 g increments and the food can be served on normal plates and be weighed cumulatively, thus interfering only minimally with normal routine. Each subject was provided with one labelled tape for each day and asked to weigh all foods and fluids consumed. Subjects were instructed to record brand names of foods and to provide a complete description of the method of preparation, cooking and also recipes for composite dishes. Subjects weighed back leftovers. Where possible, food labels and packets were also retained and given to the investigator. For foods and fluids eaten away from home subjects were asked to describe the type and amount of food as exactly as possible in the food diary and provide details on the place of purchase or name of dish. It is important to note that in the present study subjects were not required to weigh noncaloric drinks such as water. All references to fluid intakes relate to energy-containing beverages. This was done to minimise the burden to subjects of self-recording dietary intakes.
The audio tapes were analysed and the weight of the food items recorded by the researcher using the PETRA master console. Energy and nutrient intakes were calculated using the Diet 5 programme (Robert Gordon University, Aberdeen) using current UK food tables (McCance & Widdowson, 1991) .
Psychometric assessment of hunger and appetite Changes in subjective appetite, hunger and satiety and other aspects of mood were assessed hourly, during waking hours throughout days 1 -9, using visual analogue scales (VAS; Hill & Blundell, 1982) . The data were collected using a specific program on a palm top computer (Apple Newton, Apple Computer Inc., Cupertino, CA, USA) as described by Stratton et al (1998) . The Newton-based EARS has been developed using the Apple Newton 120 Messagepad. The Newton was specifically chosen as an electronic device that mimics the ease of use of a pen and paper, as it consists of a pen-based graphical interface, which is ideal for use with visual analogue scales. The Newton is a small hand-held computer, which measures 196 Â 100 Â 20 mm and weighs 535 g. The machine operates through object-based menus and optionboxes, which are activated by tapping them on screen with the Newton rubber-tipped pen. The Newton also has an internal clock, which can be set to alarm every hour. The pen can be used to tap a graphical keyboard, and it can also be used to draw or write on the interface in a similar manner to the operation of a pen on paper. An object-based program has been written for the Newton (# RJ Stubbs & M Elia). The program makes use of the Newton's features to prompt the subject hourly to complete a series of visual analogue scales, which appear on the screen in sequence. All entries are automatically date and time verified; incomplete=incorrect entries and back reference to previous entries are precluded. There is a help function if subjects find difficulty in using the machine. The Newton stores the data in a format which can be readily downloaded and the questions asked can be changed. Recently the Newton hand-held computer has been discontinued by the manufacturer. We are in the process of developing the electronic appetite rating system (EARS) for the Palm operating system. The questionnaire comprised nine questions each corresponding to a 66 mm line. The specific questions were: 'How hungry do you feel' 'How strong is your desire to eat?', 'How much do you think you could eat now?'; 'How thirsty do you feel?' 'Preoccupation with thoughts of food'; 'How tired do you feel?'; 'How tense do you feel?'; 'How contented do you feel?'. Subjects marked their response along a visual analogue scale with extremes of each state marked at either end (eg not at all hungry -as hungry as I have ever felt).
Subjects were also asked to complete an End of Day Questionnaire, which assessed retrospectively the general mood of the subject throughout the day. The specific questions related to individual perceptions of moods, alertness, liveliness, hunger, thirst and preoccupation with thoughts of food throughout the day.
Statistical analysis EE, EI and protein, carbohydrate and fat intakes were analysed by analysis of variance with exercise level and day as treatment factors and subject and run (within subject) as blocking factors. To investigate whether the composition of meals and snacks differed between the three treatments, average daily intakes consumed as meals and those consumed as snacks were analysed separately. To satisfy assumptions of normality, a square-root transformation was applied to the snack intakes, and then both meal and snack intakes were analysed by analysis of variance.
A square-root transformation was applied to the visual analogue scales for subjective ratings, in order to satisfy assumptions of normality, and then the data were analysed by analysis of variance with block and treatment factors as above.
Where necessary, to satisfy assumptions of normality, a square-root transformation was applied to data from end-ofday questionnaires and the data were then analysed by analysis of variance with block and treatment factors as above.
Changes in body weight from day 3 to day 9 were analysed by analysis of variance to test for treatment effects. For each treatment, t-tests were used to test for significant changes in weight over the period.
Changes in VO 2max were analysed by analysis of variance with subject and run as blocking factors and exercise as a treatment factor.
To examine the EE, EI and EB temporal trends, simple linear regression analysis was conducted using study day as predictor and EE, EI or EB as the outcome variable; significant differences from zero were examined using t-tests.
All analysis was performed using the Genstat statistical program (Genstat 5 Committee Rothamsted Experimental Station, Harpenden, UK).
Results
Energy expenditure
The calculated increase in the energy cost of exercise induced by the Nex, Mex and Hex interventions amounted to 0, $ 1.6 and 3.2 MJ=day, respectively. The calculated energy cost of exercise including basal expenditure during the exercise periods was 2.0 and 3.8 MJ=day. The actual mean (s.e.m.) energy cost of exercise (inclusive of basal expenditure) amounted to (0.4 -0.5 (0.1 MJ) (calculated as RMR over 80 min), 2.6 (0.2) and 4.7 (0.3) MJ=day, respectively. To achieve this, on the Mex treatment subjects exercised at Figure 1 . As intended by the study design there was a difference in total daily EE between the treatments. However, subjects undershot the calculated difference in daily EE between the Nex and Mex treatments by 0.3 MJ=day and overshot the calculated difference in EE between the Mex and Hex treatments by 0.7 MJ=day.
Subtracting the energy cost of exercise from total EE gave mean (s.e.m.) values of 11.7 (1.0), 10.3 (0.6) and 12.1 MJ=day (0.5) on the Nex, Mex and Hex treatments, respectively. Daily EE was regressed against study day. Subjects on average showed a decline in EE during the course of the study on the Mex (slope ¼ 7 0.37 MJ=day; t ¼ 7 3.6; P ¼ 0.015 (s.e. ¼ 0.10)) and the Hex (slope ¼ 7 0.61 MJ=day; t ¼ 7 3.2; P ¼ 0.025 (s.e. ¼ 0.19)) treatments. This decline in daily EE during the course of the study on the Nex treatment was not apparent (slope ¼ þ 0.20 MJ=day; t ¼ 7 0.7; P ¼ 0.504 (s.e. ¼ 0.20)). However, because of high between-subject variability ANOVA did not show a significant difference in rates of decline between treatments. The EE of exercise was constant across days, with very little variation. Total daily EE minus exercise declined as the study progressed, on the Mex (slope ¼ 7 0.36 MJ=day; t ¼ 7 3.62; P ¼ 0.015 (s.e. ¼ 0.10)) and the Hex (slope ¼ 7 0.57 MJ=day; t ¼ 7 2.98; P ¼ 0.031 (s.e. ¼ 0.19)) treatments but not the Nex treatment (slope ¼ 7 0.22 MJ=day; t ¼ 0.78; P ¼ 0.47 (s.e. ¼ 0.28)).
The mean estimated VO 2max for the six subjects was 42.65 (4.47), 44.58 (3.54) and 46.07 (3.31) ml=min=kg at the end of the Nex, Mex and Hex treatments respectively. Comparing VO 2max to pre-study measurements, there were no significant differences between treatments (F(2,10) ¼ 1.75; P ¼ 0.224). On average, VO 2max increased by 3.14, 5.07 and 6.57 ml=min=kg, relative to the pre-study measurements on Nex, Mex and Hex respectively (s.e.d. ¼ 1.63).
Intakes
Average daily food, energy and macronutrient intakes are shown in Table 2 , those consumed as meals and snacks are shown in Tables 3 and 4 . There were no significant differences in total daily food (F(2,10) ¼ 0.05; P ¼ 0.31), s.e.d. ¼ 0.95, or energy intakes (F(2,10) ¼ 0.1; P ¼ 0.91) or in the macronutrient composition of the diet between treatments. Total daily EIs for each day of each treatment are shown in Figure 1 . On average, subjects consumed 11.6, 11.8 and 11. The macronutrient composition and weight of food of neither meals nor snacks varied between treatments. Here, a snack is defined as an eating episode which occurs during an inter-meal interval, with an energy content of less than 150 kJ=100 g. Expressing the percentage of energy ingested from the three macronutrients also showed that the composition of the diet did not change across treatments. Subjects however ate significantly less energy-dense snacks on Hex than on Nex or Mex (F(2,10) ¼ 4.86; P ¼ 0.034). The average Total daily EI was regressed against study day for each treatment. Subjects on average showed no significant increase or decrease in daily EI as the study progressed, except for the Mex treatment, where intake declined as the study progressed. The slopes, t-statistics and probability values for change across time were Nex (slope ¼ 7 0.09 MJ=day; t ¼ 7 0.8; P ¼ 0.439 (s.e. ¼ 0.1); Mex (slope ¼ 7 0.47 MJ=day; t ¼ 7 3.7; P ¼ 0.014 (s.e. ¼ 0.13)); Hex (slope ¼ þ 0.05 MJ=day; t ¼ 0.2; P ¼ 0.843 (s.e. ¼ 0.24)) treatments.
Body weight
Average (s.e.m.) weight change between days 3 and 10 amounted to 7 0.47 (0.29), þ 0.13 (0.44) and 7 0.56 (0.51) kg over the course of the Nex, Mex and Hex treatments, respectively. Variability was high (between days for Figure 1 Mean (s.e.m.) daily intake (a), energy expenditure including exercise (b) and energy expenditure excluding exercise (c) for the six subjects on the three exercise treatments. Energy expenditure including and excluding exercise significantly declined from days 3 to 9 on the Hex and Mex treatments (P < 0.02). It appears from these graphs that subjects tended to eat in relation to their normal (Nex) activity routine. Energy density was calculated as the total energy ingested (MJ) divided by the total weight of food and drink consumed (kg) during that eating occasion.
Effect of exercise on energy intake RJ Stubbs et al each subject) and these differences were neither significantly different from each other or from zero. Average change in body weight for each day of each treatment is given in Figure  2 . There were no significant differences in the amount of body weight lost between treatments (F(2,10) ¼ 0.89; P ¼ 0.44).
Energy balance
Energy balance, estimated from EI minus EE became more negative on going from the Nex to Hex treatments. Mean values were 7 0.1, 7 1.1 and 7 5.0 MJ=day for the Nex, Mex and Hex treatments, respectively. The estimated EB on the Hex treatment was significantly different from that on the other two treatments (F(2,10) ¼ 24.23; P < 0.001); (s.e.d. ¼ 0.72). Average daily EB was regressed against study day to assess temporal trends in EB. The mean slopes, tstatistics and probability values for differences from zero were Nex (mean ¼ 7 0.4 MJ=day; t ¼ 7 1.9; P ¼ 0.12, s.e. ¼ 0.2); Mex mean ¼ 7 0.02 MJ=day; t ¼ 7 0.1; P ¼ 0.9; s.e. ¼ 0.2); Hex (mean ¼ þ 0.7 MJ=day; t ¼ 2.0; P ¼ 0.096 (s.e. ¼ 0.3)) treatments. ANOVA revealed that the treatment effect approached significance (F(2,10) 4.1, P ¼ 0.047). Figure  3 shows the mean (s.e.d) cumulative weight change in EB on the three treatments. Thus on the Hex treatment subjects EB was less negative as the study progressed.
Hunger ratings and end of day questionnaire Average hourly hunger ratings for each treatment are shown in Table 5 . There were no significant differences between treatments in any of the ratings.
When the end-of-day questionnaires were analysed, subjects showed some evidence of being more hungry on Mex and Hex than on Nex treatments (F(2,10) ¼ 3.29; P ¼ 0.08).
Average values were 44, 57 and 60 on Nex, Mex and Hex treatments, respectively (s.e.d. ¼ 6.80). There were no other significant differences between treatments for any of the variables.
Discussion
The effect of the exercise intervention on total daily energy expenditure In the present study, increasing the energy cost of mandatory exercise led to a marked negative EB on the Hex treatment relative to the other two treatments. Subtracting EE from EI suggests that EB was marginally more negative ( $ 1 MJ=day) on the Mex treatment than the Nex treatment. As in our study conducted in women, a graded increase in EE due to exercise markedly elevated total daily EE, which in turn Figure 2 Mean (s.e.m.) daily change in body weight for the six subjects on the three exercise treatments. Figure 3 Mean (s.e.m.) cumulative change in daily energy balance for the six subjects on the three exercise treatments. Effect of exercise on energy intake RJ Stubbs et al precipitated a negative EB, which was roughly proportional to the energy cost of exercise. In terms of EE the men in the present study behaved similarly to the women in our previous study (Flemming et al, 2001) . Both groups tended to expend more than the required prescription at the outset of the study, and daily EE declined during the course of the study on the exercise regimes. This suggests an approximate 'compensation' of $ 0.3 -0.6 MJ=day on the Hex regime and 0.3 -0.4 MJ=day on the Mex regime in both men and women. Thus the greatest tendency toward restoration of EB in the present and our previous study (Flemming et al, 2001 ) occurred due to a decrease in total daily EE (excluding the energy cost of exercise), in both men and women as the study progressed. This effect should perhaps not be viewed as a component of EB regulation since it is likely to have been due to fatigue. In longer term training programmes there is little evidence that sustained increases in EE through exercise lead to any decrease in non-exercise EE, with the exception of the elderly (Westerterp, 1998) . As discussed by Westerterp, increased EE due to the physical activity of training does not appear to be compensated by a decrease in leisure-time activity (Westerterp, 1998) . Indeed training regimes can actually facilitate greater levels of leisure-time EE, as found in obese boys by Blaak et al (1992) .
Changes in energy and nutrient intake
In the present study the men showed no tendency to alter any aspect of energy or nutrient intake or feeding patterns (meals vs snacks, foods vs fluids) to compensate for the increased energy expended in exercise. This led to a marked negative EB on the Hex treatment. In our previous study where six lean women took part in a similar exercise intervention they partially compensated for the increased energy expended due to exercise. However, this only occurred on the Hex treatment and only amounted to 25 -30% of the energy cost of the Hex treatment. Thus in both of these studies subjects' EIs were insufficient to maintain EB over the 7 days of the treatment. What is remarkable about these findings is the size of the energy deficit that subjects were able to tolerate, without compensating EI substantially. This is especially remarkable given that they were feeding ad libitum from their usual diets. Several other studies have also found that subjects can sustain considerable negative energy balances, induced by elevated EE from physical activity. This is the case in the short-term (King et al, 1996 (King et al, , 1997a Imbeault et al, 1997; Thompson et al, 1988) in the medium term (Woo & Pi-Sunyer, 1985; Flemming et al, 2001) . Evidence from longer-term interventions (usually training programmes) and cross-sectional studies suggests that compensation is greater in the longer term (Westerterp, 1998; Van Baak, 1999; Schoeller et al, 1997; Garrow & Summerbell, 1995; Tremblay et al, 1985; Meijer et al, 1991) . The ability to tolerate considerable negative energy balances, in the short to medium term, induced by physical activity is by no means ubiquitous. Indeed some studies have reported apparently prompt and accurate compensation (Moore et al, 2000) . These studies appear to be in the minority. A recent evaluation of the current evidence shows that in short to medium-term intervention studies, 19% report an increase in EI after exercise; 65% show no change and 16% show a decrease (Blundell & King, 1999) . Thus, while a failure to compensate for a substantial increase in EE due to exercise is by no means inevitable, it appears that the ability of ad libitum feeding subjects to tolerate exercise-induced energy deficits, without increasing intake, is quite common in the short to medium term. Over this time-scale subjects may be precluded from compensating by both scheduling constraints and fatigue, due to the exercise intervention itself. However, the variability of response in the literature deserves some attention. To date there is no satisfactory explanation as to why some subjects do respond in some studies while compensation does not occur in apparently similar studies.
The type of subjects used may be of considerable interest in this regard. Greater attention needs to be given to the characteristics of subjects (age, sex, degree of restraint, habitual diet, habitual exercise levels) in attempting to derive some order from the rather disparate findings across the literature. While intake does not appear to match elevated levels of EE in the short to medium term, and evidence suggests greater compensation in the longer term, the mechanisms stimulating appetite are as yet undocumented.
Differences in response between males and females
The response of men in this study was to show no compensatory adjustments of EI when EE was elevated to a considerable degree. This is a slightly different response to the significant but partial compensation that six lean women exhibited on a similar protocol (Flemming et al, 2001) . More pronounced sex differences in the feeding response to exercise have been observed in rats. Female rats have been found to increase or maintain their food intake when exercised (Miller et al, 1994) , while male rats have been found to decrease their EI in comparison to sedentary controls and lose weight (Larue-Achagiotis et al, 1993; Rivest & Richard, 1990) . In humans, evidence for a dimorphic pattern between women and men is far less apparent (see above). Combining the data sets from this present study and our previous study in women allowed a comparison of the responses of men and women to the same graded exercise intervention. ANOVA showed that there was a significant sex effect for EI. Men on average ate more than women did (F(1,10) ¼ 11. Effect of exercise on energy intake RJ Stubbs et al be due to the slight tendency to compensate EI in the women and the tendency for the men's EE to exceed the prescribed energy cost of exercise, especially on the Hex treatment. In our women's study exercise improved some aspects of mood. This was not the case in the present study in men. Except for these relatively subtle differences the men and women behaved similarly in response to the manipulation. It is probable that differences between men and women in feeding responses to exercise may arise due to differences in psychological predisposition to feeding and to exercise, rather than due to any inherent physiological differences between men and women.
Effect of exercise intervention on subjective hunger, appetite and aspects of mood It is interesting that in the present study (as in the corresponding study in women) the hour-by-hour questionnaires showed there were no day or treatment effects on any aspect of motivation to eat. However, there was some evidence from the end of day questionnaire that subjects considered themselves to be hungrier on the Hex and Mex treatments than the Nex. We have previously suggested this effect for the end of day questionnaire was due to subjects going to bed more hungry. This suggests that exercise-induced energy deficits do not go entirely unnoticed when extended over several days. However, evidence for the effect is weak (P < 0.08) and indicates that, in these men, the exercise intervention did not induce any more than an incipient response in subjective ratings of motivation to eat.
It can be reasonably concluded from the above data and the work of others (Blundell & King, 1999; King et al, 1996 King et al, , 1997a Moore et al, 2000; Woo et al, 1982; Woo & Pi-Sunyer, 1985; Flemming et al, 2001; Imbeault et al, 1997; Blaak et al, 1992; Thompson et al, 1988 ) that elevating EE through moderate and high levels of physical activity is likely to induce short to medium-term energy deficits. However, in our previous study using female subjects the mood questionnaires indicated that they would be most likely to subscribe to the Mex regime rather than the Hex regime. The males in the present study appeared to be quite comfortable with the Hex regime, according to the mood questionnaires, but their EE dropped somewhat as this treatment progressed. This indicates to us that both the men and women in these studies would have found the Hex difficult to sustain, but that the women were perhaps more prepared to admit it.
Energy balance
The average estimates of EB using EI 7 EE were not apparently confirmed by changes in body weight. In the present study subjects were not resident in the Unit and only came in to exercise or be weighed. The data on body weight were highly variable since it appears that not all subjects wore the same clothes to be weighed in each morning. Because of this large variability in the body weight data, regression analysis was conducted over the longest period possible (days 1 -10), to test for any temporal trends in weight. Within treatment analysis (t-tests for significant differences from zero) showed some evidence that the weight loss, between days 1 and 10, was non-random on the Hex treatment (t ¼ 7 2.50; P ¼ 0.054) but less so on the Nex treatment (NS; (t ¼ 7 2.202; P ¼ 0.079) or the Mex treatment (t ¼ 7 2.206; P ¼ 0.079). While this analysis is not the most appropriate, it does show some evidence of a greater negative EB on the Hex treatment. Given the relatively short period of this study and the high variability of the body weight data, change in weight gave a very approximate, and indeed poor indication of change in EB. It should also be remembered that while change in body weight over days 1 -10 indicated a negative energy balance on the Hex treatment relative to the other treatments, the change in weight between days 3 and 7 was not significant.
The precision of the EI and EE assessments is at best AE 1 MJ=day in this group of subjects and estimating energy balance from changes in body weight can be even less precise. It is increasingly recognised that in studies such as this misreporting of food intake is a problem which can affect the outcomes under scrutiny. Misreporting of dietary intakes is often identified as a low EI (when expressed as a multiple of BMR). Cut-offs are set between 1.4 and 1.2 Â BMR (Goldberg et al, 1991) . In the present study the lowest average EI for any treatment was 1.61 Â BMR. Furthermore subjects tended to lose weight on all treatments, which is in keeping with the generally high levels of EE. It appears unlikely under these conditions that these subjects markedly misreported their food intakes.
Advantages and limitations of the present study Specific advantages of the present study were that subjects used the PETRA, which weighs food but does not display the weight to the subject; that EI, EE and body weight were independently assessed (albeit approximately); and that the energy cost of exercise was also quantified, as were subjective indices of motivation to eat and mood. However a number of limitations are inherent in any experimental design and the present work was no exception. The sample size was limited to six lean men and the duration of the study was limited to the maximum reasonable time for subjects to self-weigh dietary intakes (7 days). The small sample size may be a particular issue in relation to the generalisability of the data. It should also be noted that this study used lean, relatively active young men. Other subjects may behave differently. There are considerable limitations in predicting EE from HR and aerobic power from submaximal fitness tests. The use of the relationship between HR and VO 2 to predict total daily EE would appear justified under the conditions of this study because subjects spent significant amounts of time above Effect of exercise on energy intake RJ Stubbs et al FLEX, engaged in physical activities (ie cycling) used to calibrate the HRM. Spurr et al (1988) have shown that under these conditions there is a good relationship between total daily EE (measured by indirect calorimetry) and HR, even in groups of four to six subjects. It is likely that HR may give a somewhat less accurate prediction of total daily EE on the Nex treatment, where subjects were most often below FLEX.
There are also a number of assumptions inherent in using the relationship between HR and VO 2 to predict total aerobic power (VO 2max ). These tests assume consistent mechanical efficiency of exercise (Shephard, 1994) . Mechanical efficiency on a cycle ergometer can show a 4 -5% variation (Shephard et al, 1968) . There is evidence in this and our study in women that mechanical efficiency was not constant since initial values for predicted VO 2max were at the low end of the normal range and increased slightly between the baseline and intervention. The tests also assume linearity in the relationship between HR and VO 2 at incremental workloads. Some deviation of this relationship can occur, especially at the high and low end of the range. Subjects are likely to have become more efficient using the cycle ergometer as they became accustomed to using it. It may take several days for subjects to become maximally efficient on the ergometer, and apparent, small rises in predicted VO 2max may well reflect a combination of increased fitness and increased mechanical efficiency on the ergometer.
Finally, it should be noted that, given the high degree of variability in the body weight data in the present study, caution should be exercised when inferring changes in EB from body weight alone. The precision of estimating change in EB from body weight would have been far lower than from estimates of EI 7 EE.
Conclusions
In the present study six lean relatively active young men underwent zero, $ 2.6 and $ 4.7 MJ=day of additional aerobic exercise. This significantly elevated daily EE from 1.61 to 1.77 and 2.30 Â RMR on the Nex, Mex and Hex treatments, respectively. Deducting the energy expended in prescribed exercise from total daily EE suggested that subjects partially decreased non-exercise EE across the 7 days of the study as the level and intensity of exercise increased. EIs showed no tendency to increase as EE from days 3 to 10 increased, leading to a marked negative EB on the Hex treatment. Evidence for increases in motivation to eat with the energy deficit induced by exercise increase was slight. These data suggest a general similarity to those of a similar study in women. However, men tended to elevate EE through exercise slightly more than women, and women showed a greater tendency to compensate EI ( $ 30%). These effects combined to produce a significant difference when comparing the effects of exercise treatments on EB in the two sexes. The trend towards decreased daily EE as each exercise treatment progressed suggests that, unless caloric compensation occurs in the longer term, exercise-induced energy deficits of this magnitude will become self-limiting.
